Background: Hippocampal enlargements are commonly reported following
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Introduction
Major depression is the leading cause of disability worldwide (1) , yet standard treatments for depression are only moderately successful (2) . There is thus a need to better understand the mechanisms of successful response to antidepressant therapies, which may then inform more effective treatment interventions for patients with major depression. Though depression is typically treated with different forms of psycho-or pharmacotherapies, electroconvulsive therapy (ECT) is still regarded as the most effective acute treatment for severe and treatment resistant major depressive episodes (3) . With ECT, electrical current is applied through scalp electrodes, intentionally inducing a seizure, typically 2-3 times per week. When administered with modern techniques under anesthesia, ECT is well tolerated and has a good safety record. Yet, despite its safety and efficacy (3), the neurobiological underpinnings of ECT response, as with other forms of antidepressant treatment, remain unclear. Establishing objective biomarkers of clinical response could allow for the timely implementation of alternative treatment strategies in unresponsive patients.
Most neuroimaging studies of ECT demonstrate treatment-related volume increase of the hippocampus (4-9), which suggests that hippocampal volume may serve as a biomarker of clinical response. These observations together with data from preclinical studies are taken as evidence to support the neurogenic theory of depression (10) . In particular, translational models provide evidence to suggest that a decrease of adult neurogenesis in the hippocampus is associated with depression and can potentially be reversed with ECT (10) (11) (12) . This hypothesis is supported by observations that the human hippocampus harbors neuronal stem cells that M A N U S C R I P T
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Oltedal et al. 5 proliferate throughout life (13) , that the volume of the hippocampus is frequently reported as reduced in depression (14) , and that in an animal model of ECT, a dosedependent increase in neurogenesis is seen (15) . However, the mechanisms underlying ECT-related volume enlargement of the human hippocampus remain unclear, and associations with clinical outcome have not been demonstrated conclusively (9) .
In ECT practice, the number of treatments in an ECT index series typically depends on severity of depression and the speed of recovery, such that unresponsive patients tend to receive more ECT sessions on average (16) . Bilateral (BL) electrode placement is widely used for stimulation. However, to mitigate risk for cognitive side effects, particularly for verbal and retrograde autobiographical memory, the use of other electrode montages are also standard practice (17) (18) (19) . In particular, right unilateral (RUL) ECT, which was developed in an effort to reduce the spread of seizure activity to brain areas such as left temporal cortex important for verbal memory, is often used as a first line form of ECT (17, 18) . Computational modelling of electric fields supports that bilateral ECT leads to more diffuse brain stimulation than more focal RUL ECT (20, 21) . Both the number of ECT sessions received and electrode placement may thus impact the extent and laterality of hippocampal neuroplasticity and in turn the mechanisms of treatment response. However, prior studies have lacked the sample sizes and statistical power needed to investigate the moderating effects of these parameters, or have simply controlled for these factors as nuisance variables. Consequently, no clear associations between dose or mode of electrode placement and measured hippocampal structural changes have emerged (12, 22, 23) .
To address the clinical relevance of ECT-related hippocampal volume change, we included 281 patients from the Global ECT-MRI Research Collaboration (GEMRIC) (24) , and analyzed volume changes of the hippocampus after serial ECT treatment.
With the largest and most geographically diverse sample to date, and by using an optimized image processing pipeline, we obtained sufficient statistical power to probe for relationships between hippocampal volume, dose response (number of sessions as well as electrode placement) and symptom improvement of relatively small effects (24) (f2 = 0.03, α=.05, Power=.80, as estimated for a linear model with 1,280 degrees of freedom). Changes in hippocampal volume in untreated nondepressed controls scanned at two different time points were also assessed to estimate the variance associated with repeated measures over time.
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Methods and Materials
Participants. The clinical and demographic characteristics of the GEMRIC sample are summarized in Table 1 , as also detailed in (24 Image acquisition and post processing. The image processing methods have been detailed previously (24) . Briefly, T1-weighted MRI volumes with a minimal resolution of 1.3 mm in any direction were acquired before and after (typically within 1-2 weeks) an ECT treatment series using 1.5T (1 site) or 3T (9 sites) scanners.
Raw structural MRI data from each site were uploaded to a common server and M A N U S C R I P T
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were analyzed together using the same preprocessing steps. During preprocessing, images were corrected for scanner specific gradient non-linearity (25) , registered to a common atlas space and resampled to an isotropic 1 mm 3 spatial resolution. Figure 1C ). However, we also
observed that the number of ECT sessions was associated with worse outcome ( Figure 1D and see Supplemental information) such that non-responders were prescribed and received more sessions than responders (13.2 ± 4.7 versus 11.5 ± 5.3, t(232.11) = 2.74, p = 0.007). Thus, to control for differences in the length of treatment for responsive versus non-responsive patients, the number of ECT sessions was additionally included as covariate to the model addressing the relationship between change in hippocampal volume and change in mood rating.
When additionally controlling for the number of ECT sessions, the slope of change in MADRS score versus volume change remained negative, but was no longer Table 1 The number of subjects ( # ) vary because of missing data for some variables. Information about number of ECTs ( * ) was missing for 8 subjects; some subjects received more than one form of lead placement and one subject also received LART stimulation. A total of 27 subjects ( $ ) were missing MRI at either before or after treatment (baseline volume is not reported for these) and 4 subjects failed automated processing of volume change (^). 
Model 1a
